Abstract. Hepatocellular carcinoma (HCC) is one of most common malignant cancers and is the second leading cause of cancer related deaths. The prognosis and survival of patients are closely related to the degree of tumor metastasis. The mechanism of HCC metastasis is still unclear. In the present study, we investigated the molecular mechanism of C-reaction protein in promoting migration and invasion of hepatocellular carcinoma cells in vitro. We estimated that CRP is overexpressed in liver cancer tissues and that it promotes invasion and metastasis of HCC in vitro. In the present study, we employed iTRAQ-based mass spectrometry to analyze the HepG2 secretory proteins of CRP siRNA-treated cells and negative control siRNA-treated cells. We identified 109 differentially expressed proteins after silencing CRP, of which 45 were upregulated and 64 were downregulated. Some of the differentially expressed proteins were confirmed by western blot analysis and real-time quantitative PCR. Furthermore, we found that knockdown of CRP substantially abrogates HIF-1α expression levels, the luciferase activity of HIF-1α and ERK and Akt phosphorylation in HepG2 cells. The present study provides a novel mechanism by which CRP promotes the proliferation, migration, invasion and metastasis of hepatocellular carcinoma cells. Inhibition of CRP suppressed migration, invasion and healing of hepatoma carcinoma cells by decreasing HIF-1α activity and CTSD.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common malignant cancer and the second leading cause of cancer related deaths globally (1, 2) . Despite the improvement of surgical techniques and adjuvant therapies, approximately 20% of HCC patients still suffer extra-hepatic metastases within 5-10 years of receiving radical surgical treatment. The long-term survival of patients with metastases remains low (3) . Therefore, it is critical to discover the mechanisms underlying HCC metastasis.
C-reactive protein (CRP), a prototypic acute-phase protein and a member of the ancient and highly conserved proteins of the pentraxin family, has a cyclic pentameric structure. CRP is involved directly in a wide range of inflammatory processes and contributes to innate host immunity (4) . Moreover, CRP is a sensitive systemic marker of inflammation and tissue damage. Elevated levels of CRP are detected in patients with infections, inflammatory diseases, or necrosis (5) . Upregulation of CRP expression has been implicated in many types of tumors, including ovarian (6) , lung (7) , colon cancer (8) , multiple myeloma (9) and lymphoma (10) . Previous studies focused mostly on the expression level of CRP in cancer patients. Several studies have demonstrated that CRP promotes cell proliferation in endothelial cells, endothelial progenitor cells, renal tubular epithelial cells, and protects against apoptosis in myeloma cells (11, 12) , which are implicated in tumorigenesis and the development of HCC. Despite evidence of CRP being involved in a variety of cancers, the role of CRP in regulating HCC metastasis remains unclear.
Recently, the use of isobaric tags for relative and absolute quantitation (iTRAQ) technology has become a particularly powerful tool and has been recommended by the proteomics community to enable deeper proteome coverage, since it can facilitate simultaneous analysis of up to eight samples in one experiment. The aim of the present study was to use iTRAQ to identify alterations in the proteome of CRP siRNA treated samples, compared to control samples, in order to identify proteins participating in the migration and invasion of HCC.
In the present study, we hypothesized that CRP has an effect on invasion and metastasis of HCC. To elucidate the potential mechanism/pathway by which CRP contributes to 
Molecular mechanism of C-reaction protein in promoting migration and invasion of hepatocellular carcinoma cells in vitro

Materials and methods
Immunohistochemistry (IHC) and tissue microarrays (TMA).
A 
CRP siRNA transfection, Transwell assays and wound healing.
HepG2 and BEL7402 cells were transfected with 100 nM of CRP specific Stealth Select RNAi™ siRNA (sc-40816) or a negative control siRNA (12935-400) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), following the manufacturer's instructions. After transfection for 6 h, the culture medium was replaced with fresh RPMI-1640, supplemented with 10% FBS and penicillin, and the cells continued in culture for an additional 42 h. To explore the role of CRP in the in vitro progression of HCC, wound-healing, cell migration and invasion assays were conducted two days after transfection. The wound healing assays were performed in 6-well plates. As the cell reached confluence, a wound was incised in the cell monolayer using a sterile p200 pipette tip, followed by three washes with medium. Digital images of the wound areas were captured after 0 and 24 h, using a phase contrast microscope. The Transwell invasion assays were performed using a 24-well Cell Invasion Assay kit (Cell Biolabs, Inc., San Diego, CA, USA). Briefly, HepG2 cells were harvested and re-suspended in serum-free media until they were transfected with CRP or control siRNA for 48 h. Approximately 2x10 5 transfected cells were loaded into the upper chamber and 500 µl media (1640 plus 10% FBS) was loaded into the lower chambers. Cells were incubated for 24 h. The non-invasive cells were removed using cotton swabs, and the number of invading cells on the bottom of the filters were measured using CyQUANT GR fluorescent dye and detection at 560 nm. In each case, the silencing of CRP expression was verified by western blot analysis.
The HepG2 cell secretory proteins collection. Two days following HepG2 transfected with 100 nM of CRP specific Stealth Select RNAi™ siRNA (sc-40816) or a negative control siRNA, the culture medium was again replaced with fresh RPMI-1640 without FBS or penicillin and continued to culture for 2 days. Then the HepG2 cell culture medium without FBS or penicillin (secretory proteins) were concentrated and used for iTRAQ-coupled LC-MS/MS analyses.
ITRAQ labeling. The 8-plex iTRAQ kits were purchased from Applied Biosystems (Foster City, CA, USA). The secretory proteins was collected as described above and the protein concentrations were quantified by 2D Quant kit (Amersham Biosciences). Approximately 100 µg of protein from each sample was precipitated, dissolved in dissolution buffer, denatured, cysteine blocked, digested with 2 µg of sequencing grade modified trypsin and labeled using iTRAQ reagents as follows: negative control siRNA transfected protein, 113 and 116 tags; pooled CRP siRNA-treated protein, 115 and 117 tags: pooled negative siRNA-treated protein. The labeled samples were combined before analysis.
Peptide fractionation. The method of peptide fractionation was immobilized-pH-gradient isoelectric focusing (IPG-IEF), as previously described (14, 15) . Briefly, the pooled iTRAQlabeled samples were solubilized in Pharmalyte (Amersham Biosciences) and 8 M urea, rehydrated on 18 cm-long IPG gel strips (pH 3-10; Amersham Biosciences), and then subjected to IEF focusing at 68 kV/h with an IPGphor System (GE Healthcare). Peptides were extracted by incubating the gel pieces in acetonitrile and formic acid. The pieces were purified and concentrated on a C18 Discovery DSC-18 SPE column (Sigma-Aldrich), lyophilized and stored at -20˚C until LC-MS/MS analysis.
Mass spectrometry. A QStar Elite mass spectrometer (Applied Biosystems) coupled with an Dionex UltiMate 3000 liquid chromatography system (Thermo Fisher Scientific, Amsterdam, The Netherlands) was used for mass spectrometric analysis (16) . Peptide separation was carried out on a C18 analytical column (Thermo Fisher Scientific, Beijing, China). Purified peptide fractions were dissolved in buffer A (98% ACN), loaded onto a C18 trap column and subsequently eluted from the trap column over the C18 analytical column at a flow rate of 300 nl/min in 125 min linear gradient ranging from 2 to 100% mobile phase B (0.1% formic acid, 98% acetonitrile). Data acquisition was done in the positive ion mode, with a selected mass range of 300-1800 m/z. The two most abundantly charged ions which exceeded 20 counts were chosen for MS/MS at a dynamic exclusion of 30 sec (17) . Protein identification and quantification were performed with ProteinPilot v2.0 (AB Sciex). MS/MS data were processed by searching the International Protein Index (IPI) human database v3.77. Methyl methane thiosulfate (MMTS) modified cysteine was specified as a fixed modification. Proteins having at least two unique peptides with fold-change >1.3 or <0.77 (P<0.05) between two stages were considered to be differentially expressed proteins.
Bioinformatics. Gene Ontology analysis was performed using PANTHER (http://www.pantherdb.org/) to classify biological processes, protein classes and molecular functions.
RNA extraction and quantitative RT-PCR.
Total RNA was extracted from HepG2 cells with TRIzol reagent (Gibco-BRL, Gaithersburg, MD, USA), according to the manufacturer's instructions. First-strand cDNA was synthesized using a Thermo Scientific RevertiAid First Strand cDNA synthesis kit (Thermo Fisher Scientific). RT-PCR was performed on an ABI 7900HT system using the KAPA SYBR ® FAST Universal 2X qPCR Master Mix and primers for GAPDH (Hs00486019_CE), GFAP (Hs00167550_CE), CUL1 (Hs00667710_CE), FAHD1 (Hs00636334_CE), NME2 (Hs00543451_CE), GNPDA2 (Hs00831453_CE), CALM2 (Hs00710519_CE), DDB1 (Hs00586106_CE), HSPD1 (Hs00830627_CE), CTSZ (Hs00664339_CE), CDH2 (Hs00805624_CE), IL11 (Hs00545902_CE), (Hs00829008_ CE), NUCB1 (Hs00817382_CE), COL1A1 (Hs00747266_CE), SDF4 (Hs00796825_CE) and CSRP1 (Hs00723484_CE). The relative changes of gene expression were calculated according to the 2 -ΔΔCT quantification method (18) .
Western blotting. HepG2 cells were lysed with a non-ionic detergent (NID) lysis buffer. The resulting soluble cell extract was centrifuged for 30 min at 12,000 x g and the intracellular protein was collected. Additional, the secretory proteins was concentrated for 30 min at 3400 x g using an ultrafiltration centrifuge tube, after which the extracellular protein was collected. The intracellular and extracellular protein concentrations were determined using a 2-D Quant kit (GE Healthcare). Protein (40 µg) was separated by SDS-PAGE and transferred to PVDF membranes (Amersham Biosciences).
Membranes were blocked for 1 h with 5% non-fat powdered milk in TBS-T buffer (pH 7.6, 0.5% Tween-20), then incubated overnight with primary antibodies at 4˚C. These monoclonal antibodies against CRP, CTSZ, IL11, CTSD, COL1A1, CUL1, CALM2, HIF-1α, p-AKT, AKT, p-ERK, ERK and actin (Abcam, Cambridge, MA, USA) were diluted from 1:2,000 to 1:10,000. After washing three times with TBS-T buffer, the membranes were incubated with a horseradish peroxideaseconjugated (HRP) goat anti-rabbit IgG or goat anti-mouse IgG (Santa Cruz Biotechnology) as the secondary antibody (1:5,000 dilution) for 1 h at room temperature. The membranes were washed again three times with TBS-T buffer and visualized with the ChemiDoc MP Imaging system (Bio-Rad Laboratories, Hercules, CA, USA).
The detection of HIF-1α luciferase activity. HepG2 cells transfected with either CRP siRNA or control siRNA were plated into 24-well plates. After 24 h of transfection, the HepG2 cells were co-transfected with 500 ng of plasmid pGL3 and 15 ng of pRL-SV40 using Lipofectamine 2000. After transfection for additional 24 h, the Luciferase activity of HIF-1α was determined on a GloMax 20/20 using the Dual-luciferase assay kit (Promega GmbH, Mannheim, Germany). Firefly luciferase units were normalized with Renilla luciferase carried by pRL-SV40 plasmid. Each experiment was performed in triplicate.
Statistical analysis. The experimental data are presented as the mean ± standard deviation (SD), and differences between the two groups were analyzed using the Student's t-test. P<0.05 was considered statistically significant. SPSS software v16.0 (SPSS, Inc., Chicago, IL, USA) was used for the analyses.
Results
Overexpression of CRP in hepatocellular carcinoma tissues.
The expression of CRP was assessed in tissue microarrays, containing 40 cases of hepatocellular carcinoma and 40 matched adjacent normal tissue by IHC. IHC evaluation of tissue microarrays showed that expression of CRP was significantly stronger in tumor tissues than in normal tissues (P<0.05) (Fig. 1A) . IHC score values of CRP were significantly higher in the HCC tissues than in the HCC adjacent normal tissues (P<0.05) (Fig. 1B) .
CRP inhibits HCC cell migration, invasion and wound healing.
To study the role of CRP in tumor cell motility, we used CRP-specific siRNA to silence CRP expression in HCC cell lines (HepG2 and BEL7402). Western blot analysis showed that CRP siRNA-treated cell lines downregulated CRP expression significantly (Fig. 2A) . The invasion assay demonstrated that the downregulation of CRP markedly weakened the migration and invasion capabilities of HepG2 and BEL7402 cells by 63 and 50%, respectively (P<0.05) (Fig. 2B) . Similarly, the ability to close scratch wounds was decreased in HepG2 and BEL7402 cells (Fig. 2C) .
Analysis of iTRAQ data of aberrantly expressed proteins.
To investigate the molecular mechanism of CRP in the suppression of HCC migration and invasion, we conducted iTRAQ-based MS to analyze secretory proteins from CRP siRNA-treated and negative control siRNA-treated HepG2 cells. The ratio of 115:113 and 117:116 expressed the relative protein expression in the CRP siRNA-treated and negative control siRNA-treated secretory proteins. Hundreds of proteins were identified by ProteinPilot 2.0 software. The protein threshold was set to achieve 95% confidence at 5% FDR (false discovery rate).
To define the differentially expressed proteins (DEPs), we introduced an additional ±1.3-fold cut-off for all iTRAQ ratios (19, 20) . Using this value, the overall data from technical replicate analyses produces <30% variation. A total of 401 unique proteins were confidently identified and quantified, regardless of whether the P-value was <0.05 in the iTRAQ ratios. Of the 109 proteins expressed differentially between the CRP siRNA-treated samples and the negative control siRNAtreated samples, 45 proteins were overexpressed and 64 were downregulated. The top 30 upregulated and downregulated proteins are shown in Table I .
Cellular and molecular functional characteristics of the differentially expressed proteins. To better identify the functional characteristics of the 109 DEPs, these proteins were grouped by PANTHER Classification System according to their reported biological process, protein class and molecular functions. Gene Ontology analysis with PANTHER suggested that the DEPs was found to represent a total of 11 biological processes, 20 protein classes and 6 molecular functions (Fig. 3) . Metabolic, cellular and developmental processes were the most common biological processes reported.
Validation of differentially expressed proteins.
To validate the reliability of the iTRAQ analysis data, we chose samples used in the iTRAQ assays and conducted western blotting and RT-PCR to detect the extracellular levels of several DEPs. Fig. 4A shows the relative mRNA expression levels of CTSZ, CDH2, IL11, CTSD, NUCB1, COL1A1, SDF4, CSRP1, HSPD1, GFAP, CUL1, FAHD1, NME2, CALM2, DDB1, and GNPDA2 as normalized to GADPH. RT-PCR showed the mRNA levels of CTSZ, CDH2, IL11, CTSD, NUCB1, COL1A1, SDF4, CSRP1 and HSPD1 were downregulated, whereas the mRNA levels of GFAP, CUL1, FAHD1, NME2, CALM2, DDB1 and GNPDA2 were upregulated in the CRP siRNA-treated samples, compared to the negative control siRNA-treated samples. The trend was consistent with the results of the iTRAQ approach. In order to validate the levels of several proteins, western blot analyses were performed. Fig. 4B shows the western blot analysis results of CTSZ, IL11, CTSD, COL1A1 CUL1 and CALM2 expression in intracellular and extracellular samples. Supernatant protein from CRP siRNA-treated cells had obviously decreased expression levels of CTSZ, IL11, CTSD, COL1A1 and increased expression levels of CUL1 and CALM2, compared to negative control siRNA-treated cells. IL11 and CTSD are, intracellularly, low expression proteins, thus, these were not detected in the western blot analyses. In addition to these two proteins, other proteins are similarly expressed intracellularly.
CRP knockdown downregulates HIF-1α expression and the luciferase activity of HIF-1α in HepG2 cells.
Because CRP could affect the activity of HIF-1α, which has also been shown to induce expression of CTSD (21) . CTSD accociated with the growth, proliferation and metastasis of tumors (22) . The expression and luciferase activity of HIF-1α was determined using the western blot analyses and Dual-luciferase reporter assay system. Our results showed that the expression and luciferase activity of HIF-1α was significantly reduced in CRP siRNA treated HepG2 cells, compared to the control group (Fig. 5) .
CRP knockdown suppresses ERK and Akt phosphorylation in
HepG2 cells. MEK/ERK and PI3K/AKT signaling pathways play important roles in migration, invasion and metastasis of cancer (23) . CRP could upregulate VEGF-A expression via the MEK/ERK and PI3K/AKT signaling pathways in adipose-derived stem cells (24) . We hypothesize that CRP promotes migration, invasion, and metastasis of HCC through MEK/ERK and PI3K/AKT signaling pathways. We observed that the downregulation of CRP remarkably inhibits ERK and Akt phosphorylation at the protein level when compared to control siRNA in HepG2 cells (Fig. 6 ). These results indicate that CRP may induce cell migration, and invasion through MEK/ERK and PI3K/AKT signaling pathways.
Discussion
Using proteomic strategies, a growing body of evidence has identified proteins specifically upregulated or downregulated in HCC tissues that can be considered as early diagnostic markers, prognostic markers and therapeutic targets (25, 26) . CRP is such a protein overexpressed in various types of tumors (6) (7) (8) (9) (10) , and is a promising biomarker of HBV-related HCC (27) . However, little is known about the function of CRP in HCC cells.
The present study demonstrates that CRP was significantly overexpressed in HCC tissues compared to non-cancerous tissues. Extra-hepatic metastases of HCC, which is the main cause of cancer-related death, depend largely on the migratory and invasive capabilities of HCC cells. Several studies have demonstrated that CRP promoted cell proliferation in endothelial cells, endothelial progenitor cells, renal tubular epithelial cells and provided protection from apoptosis in myeloma cells, in vitro and in vivo (11, 12) . Here, we demonstrated that CRP knockdown in HepG2 and BEL7402 cells significantly suppressed cell growth, migration and invasion in vitro, as shown in wound assays and Transwell assays. Our findings provide the first piece of evidence that CRP silencing inhibited migration and invasion, suggesting a carcinogenic role for CRP in HCC.
To investigate the potential molecular mechanism by which CRP contributes to migration and invasion, iTRAQ-based MS was performed to analyze secretory DEPs between CRP siRNA-treated and negative siRNA-treated HepG2 cells. Our iTRAQ analysis identified 109 aberrantly expressed proteins in CRP siRNA-treated samples. Many of them, including CTSZ, IL11, CTSD, COL1A1, CUL1 and CALM2, were identified using western blot analysis and RT-PCR analyses. The data indicated that the iTRAQ technology is both reliable and powerful for protein quantification. Among these proteins, we focused on cathepsin D (CTSD) because the expression of CTSD was obviously downregulated in CRP siRNAtreated samples, compared to control negative siRNA-treated samples, and is closely associated with invasion and metastasis of cancer cells.
Cathepsin D, a member of the aspartic proteinase superfamily in the lysosomes of eukaryotic cells (28) , degrades the extracellular matrix (ECM) and is overexpressed and hypersecreted by carcinoma cells (29) . Accumulated data show that CTSD is secrected in breast, prostate, ovaria, and lung cancer cell lines, and acts as a autocrine cancer cell growth factor involving cancer development (30) . In addition, CTSD correlates with poor prognoses, invasion and metastasis in many malignancies (22, 31, 32) . Several possible mechanisms have been proposed. For instance, CTSD promotes angiogenesis by releasing basic fibroblast growth factor (33) . Additionally, CTSD can degrade anti-angiogenesis growth factors, such as angiogenesis inhibitor 16K prolactin and endostatin (34) . HIF1, a transcription factor, is one of the important players in modulation of cell metabolism and plays an essential role in cellular and systemic homeostatic responses to hypoxia. HIF-1α in itself induces expression of several glycolytic enzymes, as well as inhibits entry into the TCA-cycle (35) . Several studies have shown that high expression of HIF-1α correlated with a short survival in non-small cell lung cancer (NSCLC) (36) (37) (38) . HIF-1α has also been shown to induce expression ofCTSD (21) . Based on the close relationship between HIF-1α and CTSD, and the observation that CTSD was significantly decreased when CRP was silenced. We further measured expression and activity of HIF-1α. Our result showed that expression and luciferase activity of HIF-1α was decreased in CRP siRNA treated HepG2 cells. Thus, we hypothesized that when silencing CRP, the decrease in CTSD may be through this pathway.
It has been reported that activation of MEK/ERK and PI3K/AKT signaling pathways play important roles in migration, invasion and metastasis of cancer (23) . CRP could upregulate VEGF-A expression by activating HIF-1α via the MEK/ERK and PI3K/AKT signaling pathways in adiposederived stem cells (ADSCs) (24) . However, few studies have reported on the relationship of CRP and MEK/ERK and PI3K/AKT signaling pathways in HCC. Therefore, we investigated whether CRP was capable of promoting migration, invasion via the MEK/ERK and PI3K/AKT pathway in HCC cells. Our results showed that CRP knockdown remarkably inhibits ERK and Akt phosphorylation at the protein level when compared to control siRNA in HepG2 cells. Therefore, our data support that activation of MEK/ERK and PI3K/AKT signaling pathways may required for CRP-stimulated cell migration and invasion of HCC cells.
In conclusion, we have demonstrated that CRP is highly expressed in tumor tissues and promotes invasion and metastases in HCC cell lines. In addition, we have performed a quantitative proteomic profiling of supernatant proteins from CRP siRNA-treated and negative control siRNA-treated HepG2 cells. We observed 109 aberrantly expressed proteins in CRP siRNA-treated samples. Moreover, silencing of CRP abrogates HIF-1α expression levels, the luciferase activity of HIF-1α, and ERK and Akt phosphorylation in HepG2 cells. The present study provides a novel mechanism by which CRP promotes the proliferation, migration, invasion, metastasis of hepatocellular carcinoma cells. Inhibition of CRP could suppress migration, invasion and healing of hepatoma carcinoma cells by decreasing HIF-1α activity and CTSD.
